The biological activation of molecular hydrogen to serve as an electron or hydrogen donor is catalyzed by the enzyme hydrogenase. This enzyme, which occurs in a large variety of microorganisms, also appears to be the terminal component of the multienzyme systems responsible for photochemical formation of H2 and for evolution of this gas in fermentations of carbohydrates, amino acids, puriies, and related substances.' Both types of activity, i.e., oxidation and formation of hydrogen, have commonly been considered to be due to the same enzyme, particularly because certain organisms which contain hydrogenase behave as a reversible hydrogen electrode according to the following equation:2 H2 =± 2H+ + 2e.
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(1) Recent investigations have demonstrated that electrons or hydrogen derived from activation of H2 can readily be funneled into the well-known systems of electron transfer in which pyridine nucleotides, flavin, and cytochrome enzymes are prominent.3' 4 For purposes of purification and for study of the properties of hydrogenase itself, however, a dye such as methylene blue is ordinarily employed as the electron acceptor in the enzyme assay. The over-all reaction in this case is H2 + methylene blue --methylene blue.2H. (2) An alternative assay system developed recently' is based on formation of molecular hydrogen from the reduced form of the "one-electron" dye methyl viologen (Eo' = -0.446 volts), i.e., 2 viologen-e + 2H+ -H2 + 2 viologen.
A survey of hydrogenase preparations from a variety of organisms using the foregoing assays (reactions [2] and [31) disclosed that both activities were usually present. Of particular significance, however, was the observation that certain hydrogenases appeared to catalyze only reaction (2) .1 These results suggested that hydrogenase may be a "double-headed" enzyme with two prosthetic groups. According to this interpretation, one prosthetic group might be considered to mediate electron transport to dyes or physiological acceptors of relatively high redox potential, while the other might be concerned with reduction of " one-electron" acceptors of low potential and also with formation of molecular hydrogen. In addition to the reactions already noted, certain hydrogenase preparations catalyze an isotope exchange reaction between water and molecular hydrogen as in equation (4) 
Closely related to this activity is the ability of such preparations to catalyze the ortho-para hydrogen conversion reaction.' Reaction (4) has frequently been assumed to represent a "primary" activity of hydrogenase (i.e., the immediate and direct reaction catalyzed by the enzyme itself). The data available from several recent reports, however, suggest that the velocity of the exchange reaction in certain instances (in Azotobacter vinelandii8 and Rhodospirillum rubrum9) is very slow as compared with "hydrogenation" activity (i.e., reaction 12]). This apparent discrepancy indicated the desirability of a quantitative comparison of hydrogenase activities in various preparations as measured by reactions (2), (3), and (4). Recent developments in the elucidation of metallo-flavoprotein oxidation-reduction enzymes'0 also suggested the need for further study of the metal components of hydrogenase. The results of such experiments and their implications for the mechanism of hydrogenase action are reported in this communication.
EXPERIMENTAL
The crude cell-free extracts were made as described by Peck hydrosulfite was added (in order to deoxygenate hydrogenase'3) to each flask; the latter was immediately evacuated and flushed twice with tank hydrogen and then filled with hydrogen to a pressure of 0.5 atmosphere. The change in deuterium content of the gas phase was measured at various intervals, using a mass spectrometer.
RESULTS AND DISCUSSION
All the preparations tested (with hydrosulfite present) showed linear exchange rates over a period of approximately 90 minutes. In the case of Clostridium butylicum the linear per cent 1D versus time curve did not pass through the origin, apparently because a small quantity of isotopic gas was released initially upon addition of hydrosulfite to the reaction mixture. In control experiments using the E. coli extract, it was established that the rate of exchange was proportional to enyzme concentration under the conditions employed and therefore was not limited by the rate of hydrogen diffusion into the liquid phase. a) Relationship of Exchange to Other Hydrogenase Activities.-The exchange activities observed in the different microbial preparations and the corresponding activities determined with the other two methods of assay (reactions [21 and [3] ) are listed in Table 1 . Thus methylene blue is readily reduced by certain preparations which do not show appreciable exchange activity, i.e., by M. lactilyticus (fraction 1), A. vinelandii, and R. rubrum.14 It is significant that these particular hydrogenases also show essentially no activity by the evolution assay (reaction [3] ). Rapid exchange was observed only in preparations which showed activities in both the methylene blue reduction and the evolution assays.
It may be noted that, in systems showing exchange, the ratio of evolution to reduction activity varies from approximately 2 to 4, except in the case of C. butylicum. The very large ratio observed with the latter preparation is due to the extreme sensitivity of this particular hydrogenase to inactivation by molecular oxygen (largely reversible) and other oxidizing agents. Thus, in contrast to other hydrogenases, reduction of methylene blue by C. butylicum extract can be successfully demonstrated only if very special precautions are taken to insure completely oxygen-free conditions. Molecular hydrogen is rapidly oxidized by this preparation with the one-electron dye benzyl viologen (Eo' = -0.359) acting as the acceptor, but again only if a low redox potential is established.5 In the evolution assay, the powerful reducing mixture of hydrosulfite plus methyl viologen apparently reverses inactivation, due to traces of oxygen, which may occur during experimental manipulations. From this standpoint, the evolutionassay procedure offers a distinct experimental advantage, particularly since the sensitivity of most hydrogenases to inactivation by oxygen increases markedly with purification (see, e.g., Sadana and Jagannathan15). The conditions used in measuring the exchange reaction are not so strongly reducing as in the evolution assay, and this may account for the relatively low exchange activity shown by C. butylicum hydrogenase (i.e., the value listed is a minimum).
The virtual absence of exchange activity in certain preparations capable of activating H2 for reduction of dyes suggests modification of current views on the nature of bacterial hydrogenase and on the significance of the isotope exchange reaction as a primary assay for the enzyme (see below). 
where E represents the hydrogenase enzyme. In the presence of D20 (i.e., D +), HD would be produced by reversal of reaction (5) . It may be noted that the hydrogen metabolism of P. vulgaris closely resembles that of E. coli, and, in conformity with the results already described, extracts of the former organism also show both methylene blue reduction and evolution activities.5 According to Krasna and Rittenberg,7 "any organism which possesses hydrogenase activity should be capable of carrying out both the conversion of para hydrogen and the exchange reaction." The present results observed with the preparations from M. lactilyticus (fraction 1), A. vinelandii, and R. rubrum'4 are not consistent with their postulated mechanism.
A consideration of the available data suggests the following formulation for the mechanism of action of hydrogenase:
H21 + E(Fe+) E(Fe++) :2H = E(Fe++)-flavin:2H [ flavin Mo methylene blue 2 viologen* e + 2H + According to this scheme,'0 molecular hydrogen is activated by a ferrous enzyme to form a reduced enzyme complex. The latter can be oxidized through the agency of a flavin component by methylene blue and similar acceptors. Alternatively, if molybdenum is properly combined with the enzyme, flavin: 2H can be reoxidized by one-electron acceptors such as viologen dyes. The reduction of viologens by H2 and formation of hydrogen from the reduced methyl dye would require the complete system, i.e., flavin and the two metals. Similarly, isotope exchange activity (i.e., conversion of D + to HD) would be catalyzed only by the complete system. This formulation accounts for the correlation reported here between exchange and evolution activities.
If the specific molybdenum component were absent, the hydrogenase would be capable of reacting only with methylene blue, i.e., exchange and evolution activities would not be manifested. Preparations in this category would be those from R. rubrum, A. vinelandii, and M. lactilyticus (fraction 1). Further support for this view is found in the fact that molybdenum is required for reduction of cytochrome c by resolved preparations of C. pasteurianum hydrogenase, whereas addi-tion of this metal does not affect methylene blue reduction.4 Similarly, addition of MoO3 to partially resolved preparations of M. lactilyticus hydrogenase affects the rate of benzyl viologen reduction markedly but has relatively little influence on methylene blue reduction. '6 Since all systems which produce hydrogen from physiological intermediates also show evolution activity,6 it would appear that a metal component permitting one-electron transfers is essential in normal H2 formation by microorganisms. It is assumed that a low redox potential is required for this process (also for exchange activity), and it is possible that molybdenum may be of particular significance in this regard. Thus it has been suggested that the low Eo' value (-0.45 volt) of the iron-molybdoflavoprotein xanthine oxidase may reflect a contribution of molybdenum to the potential.'0 The remarkable similarity of hydrogenase to milk xanthine oxidase has previously been noted.4 10 The state of iron in hydrogenase is assumed to be ferrous for three reasons: (a) CO combines only with the ferrous form of iron enzymes;18 (b) cyanide, which specifically affects the ferric state, does not significantly inhibit hydrogenase activity under strictly anaerobic conditions (e.g., see Hyndman, Burris, and Wilson8 and Hoberman and Rittenberg'2); and (c) the enzyme is very susceptible to inactivation by oxygen and other oxidizing agents.1 21 Evidence recently furnished by Fisher et al. '3 indicates that the hydrogenase of P. vulgaris can be inactivated by oxygenation and that this type of inhibition is reversed by physical or chemical means. These considerations suggest that the initial activation of H2 may -occur by a reaction analogous to that described by Klotz and Klotz22 for the oxygenation of the iron protein hemerythrin. Further studies with purified hydrogenases will be required for a more detailed understanding of the initial reaction and the subsequent electron-transport pathways.
SUMMARY
The isotope exchange reaction -between heavy water and molecular hydrogen has been measured in a number of different microbial hydrogenate preparations and has been compared with their ability (a) -to reduce methylene blue with H2 and (b) to produce H2 from reduced methyl viologen. Certain Many aspects of growth and maturation of plants are known from the close similarity of their action spectra to be controlled by a reversible photoreaction.' Among these responses are germination of seeds of some higher plants2 and of fern spores,3 photoperiodic control of flowering,4 coloration of some fruits,5 and etiolation. 6 The photoreaction can be written as follows: The essential contribution herein is the expression of the physiological response as a function of the fractional conversion of the pigment into the effective form, VOL. 42, 1956 
